Azar oil field is located to the east of the city of Mehran, Ilam.
Introduction
Land surface deformation has occurred in the Azar oil field. Between 2007 and 2011, the region observed sharp decreases in precipitation, but dramatic increases in precipitation occurred in the period between 2011 and 2013. The region's soil, regarded to be of a weak type, is categorized as sandstone according to the international categorization. Since 2013, some cracks have formed, which despite modifications still persist. Figure 1 shows some typical cracks in this region. Once the cracks formed, in order to monitor the region, a notable number of studies of different types, such as geotechnical, hydrological, meteorological, seismic, and geophysical, were conducted. Drilling from Iraq's petroleum tank began in 2014, and Iran started to drill in 2017. The oil in this reservoir is worth around four billion liters, and there are plans to drill the whole amount within a 20-year period. The length of this tank is 36 km in the northeast, southwest direction, 13.5 km of which is located in Iran, and it extends along a width of 30 km. Figure 2 shows Azar oil field, alongside 15 wells. Figure 3 , in turn, displays the cracks formed in the region. The azimuth direction of the cracks is between N45E to N85E, and most of the azimuth direction of cracks is N60-65E and N75-85E. Our goal in this article is to derive the temporal pattern of land deformation in this region using additional Synthetic Aperture Radar (SAR) data. C-band data from Copernicus missions Sentinel-1A have some attractive properties, such as large volumes of archived imagery, larger coverage/swath, and importantly, from an application point of view, a free and open access data policy. We employed 50 descending Sentinel-1A satellite images that were collected between 2014 and 2019, as well as 50 ascending Sentinel-1A satellite images that were collected between 2016 and 2019.
The InSAR method provides an all-weather, day-or-night capability to map ground deformations from human activities or various natural causes, such as volcano dynamics, earthquakes, slope instability, groundwater overexploitation, mining, and coastland reclamation [1] [2] [3] [4] [5] [6] [7] . Any factor that can affect the phase of the backscattered radar signal can affect the deformation pattern. These measurements include surface displacements, land changes, land subsidence/uplift, water levels, soil moisture, snow accumulation, the volume of forest cover, etc. Therefore, InSAR has found very broad applications in the field of earth and environmental sciences [8] .
Land surface deformation leads to widespread damage to oil and drilling rigs, roads, and infrastructures. Knowledge of the spatial and temporal extent of land settlement provides important information for establishing effective measures necessary to mitigate losses from land subsidence hazards [9] .
Experiments
The radar transmits a pulse to the earth and measures the return of the back-scattered pulses. The received pulses are digitized and make a raw complex data or a real aperture radar (RAR) image, with a very bad resolution in the flight direction because of physical length limitations of the radar antenna [10] . RAR images are subsequently focused by signal processing techniques so as to artificially make a long antenna and create a synthetic aperture radar (SAR) image with a much higher resolution. SAR images are sampled in an azimuth and range coordinate system, so every pixel has a unique range and azimuth coordinate. Single-look complex (SLC) data is a standard format of focused SAR images. The phase of SLC data can be written as a summation of four components as [10] :
where W{.} is the modulo-2  wrapping operator, range  is related to the distance between the radar sensor, atmo  the phase delay induced by the atmosphere, scat  is related to the distribution of all scatterers within a resolution cell, and noise  is the additional system or thermal noise, which is dependent on sensor specifications [1] . The phase difference between two SAR images that are acquired from different positions or at different times is called an interferogram. The interferogram is produced by complex conjugate multiplication of the two coregistered SLC images ( Master P and Slave P ). The interferometric phase MS  for a single pixel can be written as the summation of four components:
where  is the phase of SLC data and  is the differential phase between two SLC data. The phase component range, atmosphere scatter, and noise can be further decomposed into some components that are shown in Figure 4 . In this study, we used the persistent scatterer interferometry (PSI) method, so we used single master (SM) interferometry. We coregistered master and slave images together in three steps. Then we produced 49 interferograms from 50 descending SLC images and 49 interferograms from 50 ascending SLC images. Flat earth and topographic phase were subtracted from every interferogram. We have carried out time series analysis in three main steps. We used the phase stability with respect to a predefined model in space to select PS-pixels. Pixel candidates were selected if their interferometric phases had a small deviation from their neighboring PS. After the selection of PS, 3D unwrapping was performed, and mitigation of atmospheric signal with high-pass filtering in time and low-pass filtering in space was conducted.
The dataset included 50 ascending images from June 2016 to February 2019, and 50 descending images covering October 2014 to February 2019, which are shown in Figure 5 . We produced interferograms with a single master. Interferometric combinations of the images were carried out with consideration of their spatial and temporal baselines. The overview of the baseline perpendicular plot of the images can be seen in Figure 6 . To make sure there was no unwrapping error, we generated ascending data interferograms with three masters. The results obtained from all these masters were almost the same, so there was no unwrapping error. The difference between deformation signals shown in ascending and descending processing is because of deformations in a horizontal direction.
Results
Deformation velocity maps in the Iran-Iraq joint oil field and Azar oil field are shown in Figure  7 . Figure 7 . Deformation velocity map with the reference point (46.22, 33.02) for (a) S1 ascending with master 20170323, (b) S1 ascending with master 20170814, (c) S1 ascending with master 20171212, and (d) S1 descending with master 2017011. The polygon is Azar oil field.
As can be seen in Figure 7 , displacement is observed in the ascending data velocity map between 2016 and 2019, and in descending data between 2014 and 2019. Owing to droughts during some years and subsequent precipitation events, as well as the region's soil type and oil drilling, a displacement of 5 mm per year can be seen. The cumulative displacement diagram for this period is presented below (Figure 8 ). We used multi-track deformation estimate and utilized it to decompose deformation along line-of-sight into vertical and horizontal movements. We needed to create a new grid to interpolate ascending and descending data on it in order to perform a spatial coregistration of the data. The displacement between June 2016 and December 2018 with the reference point (46.22, 33.02) in the same grid is shown in Figure 9 . 
Discussion
In Figure 9 , where the ascending and descending data are the same there has been a vertical displacement (which is the area located over Iran and Iraq's tank); where there has been a difference in the line of sight direction, displacement has been horizontal. Figure 10 shows vertical displacement after decomposition. Figure 11 indicates horizontal displacement in Azar oil field, which corresponds to the region's existing cracks. This displacement has been caused by the existence of sand layers in depths of 10 to 15 meters under the ground, which we discovered in geological studies. Droughts and subsequent considerable precipitation events have caused the soil on the sand layer to slide and inconsistent slides have resulted in different displacements in the western direction and the formation of cracks.
Azar oil field and 15 wells that were excavated and the cracks formed in the region are shown in Figure 11a . The distribution of these sites was obtained through various studies. 
Conclusions
This study presented an application of the InSAR time series analysis to derive the spatial-temporal evolution of land subsidence in Azar oil field. The PSI method was applied for a dataset of 98 interferograms in order to extract surface deformation. The analyses also showed that oil extraction plays a key role in land subsidence in Azar oil field. Due to the high depth of oil wells (4300 meters), we expect the subsidence to cover a large area with a small magnitude. The subsidence is mainly observed in the vicinity of the oil field and is caused by fluid extraction. Likewise, the result of the InSAR cumulative map may show seasonal displacements on the territory.
Different horizontal displacement has been caused in the western direction. This has happened due to the inconsistent sliding of sand layers at depths of 10 to 15 meters, as well as considerable precipitation events in the region.
